Hindered amine light stabilizers (HALS) possess many functions unlike other additives and are frequently used to extend the service life of polymeric materials, but show particular compatibility with certain other additives. However, combination does not always show synergistic actions, but sometimes has antagonistic effects. Most previous research into the interaction of HALS with other additives has focused on qualitative high synergism to high antagonism, and no common understanding has been reached. HALS and homologs have many derivatives which are classified here as "good" HALS and "bad" HALS, including a new HALS derivative, HALS nitrosonium. The investigation of the antagonism of HALS with other additives has been based on only "good" HALS. The present study discusses the chaotic interactions of HALS with other additives kinetically and thermodynamically by separately considering the synergism of "good" HALS and the antagonism of "bad" HALS. This approach has lead to a new technique for unified evaluation of the interaction semi-quantitatively. The results summarized here clarify the complex and diverse characteristics of HALS and present the possibility that the action mechanism of HALS alone and together with other additives can be discussed based on a unified mechanism. Such united ideas can determine additive formulation much more easily and facilitate the development of new additives, resulting in more stable and functional polymeric materials.
Introduction
ways with other polymer additives, and may show antagonisms in some cases. Second, HALS are basic Function-maintaining additives are intended to premolecules, so are deactivated by acidic compounds, and vent the deterioration of polymeric materials, and cannot be used for materials such as polycarbonates include radical chain stoppers, light stabilizers, peroxide which are hydrolyzed in the presence of basic catalyst. decomposers, and others. In general, these additives Many studies have tried to clarify the complex phenomhave only one function specific to the particular additive ena involved in the use of HALS, but only a few behavstructure. For example, a phenolic antioxidant acting iors of HALS have been elucidated. as a radical chain stopper is generally used to scavenge This review tries to identify a unified mechanism to peroxy radicals, although alkyl radical scavenging antiexplain the complexity of HALS activity based on the oxidants have also been developed in recent years. On available evidence. the other hand, aromatic amine-type stabilizer can scavenge both peroxy and alkyl radicals, and is exclusively 2. Individual Actions of HALS used for rubbers because of coloring during use. Light stabilizers includes UV absorbers (UVA) with intra-2. 1. Light Stabilization Function of HALS molecular hydrogen bonds such as 2-hydroxy-HALS function as light stabilizers, but absorb few benzophenone.
UV rays unlike UVA. Therefore, the light stabilizaIn contrast, hindered amine light stabilizers (HALS) tion function of HALS seems to depend on effective act as multi-functional stabilizers, with light stabilizaradical scavenging, but the direct stabilization mechtion, radical scavenging, peroxide decomposing, and anism of light remained unclear for a long time after heavy metal scavenging functions, although the initial HALS were developed. The authors have proposed a function was that of light stabilizer as suggested by the light stabilization mechanism of HALS 1),2) , which name. HALS have excellent functions, but also pose remains the only mechanism explaining the direct parsome problem. First, HALS may interact in complex ticipation of light at present and will be discussed in ＊ E-mail: ohkatsu@cc.kogakuin.ac.jp detail in Chapter 3. 2. 1.
Radical Scavenging Function of HALS
The radical scavenging function of HALS is mainly mediated by oxidized HALS species, such as HALS nitroxide (HALS NO), HALS hydroxylamine (HALS NOH), and HALS alkoxide (HALS NOR). The proposed antioxidant mechanism of radical scavenging involves scavenging an alkyl radical by HALS NO to form HALS NOR, which is reconverted to HALS NO by reaction with a peroxy radical 3) . This mechanism was later refined to include an intermediate in the pathw a y b e t w e e n t h e n i t r o x i d e a n d t h e a l k o x i d e 4) (Scheme 1).
A simplified mechanism 5) based on that proposed by the authors 1) has HALS NOH incorporated in the cycle as shown in Scheme 2. Our subsequent kinetic study of the reaction of HALS derivatives with alkyl and peroxy radical supported this mechanism (Scheme 3) 6), 7) . That is to say, HALS NOR finally accumulates according to the Denisov-type mechanism, because the rate constant of the alkyl radical scavenging reaction by HALS NO is about 10 12 times higher than that of peroxy radical scavenging by HALS NOR, resulting in stasis of the cycle sooner or later 6), 7) . Therefore, this mechanism cannot explain the effective radical scavenging function of HALS. In Scheme 3, HALS NOR conversion to HALS NOH has a rate constant of about 10 -4 s -1 , which is about 1/200 less than the conversion to HALS NO (1.9×10 -3 l/mol ・s). However, if peroxy radicals are present at a concentration of 10 -6 mol/l during the reaction as generally accepted, the reaction releasing an olefin from HALS NOR is faster by 4-5 orders than the reverse reaction to HALS NO.
Rate constants at 50℃ for peroxy radical scavenging reactions are:
2 l/mol ・s in which HALS NCH3 is the N-methylated HALS. These values are much larger than the rate constant of HALS NOR to HALS NO. Therefore, the cycle mechanism of Scheme 3 could operate.
Other radical scavenging mechanisms have also been proposed. HALS NO can react with peroxy radicals in two modes 8) , secondary peroxy radicals form inert carbonyl compounds, with HALS NO becoming HALS NH, and HALS NOR is formed through a super- . On the other hand, scavenging of oxygen centered radicals may occur according to the mechanism shown in Scheme 6 10) . Radical scavenging by HALS may be very complex, and many reactions may occur independently or in combination. The important point is that the radical scavenging function of HALS depends on oxidized HALS derivatives such as HALS NO, NOH, and NOR (called "good" HALS in this paper). Generally phenolic antioxidants are much more effective for peroxy radical scavenging (rate constant of 2,6-di-t-butyl-4-methylphenol (BHT) is 1.7×10 4 l/mol ・s at 50℃) than HALS, although alkyl radical scavenging by HALS NO is the greatest feature of HALS. 2. 3. Hydroperoxide Decomposition Activity of HALS Hydroperoxide decomposition by HALS is an important process for forming oxidized HALS derivatives as active antioxidant species rather than for contributing to the antioxidant action. Various theories have been proposed for the hydroperoxide decomposition mechanism. For example, secondary, tertiary, and hydroxyl amines are proposed to have peroxide decomposition Scheme 7 Heterolytic Hydroperoxide Decomposition by HALS Scheme 8 Homolytic Hydroperoxide Decomposition by HALS Scheme 9 Seldar's Mechanism activity, with the second order rate constant of decomposition reaction proportional to the acid dissociation constant 11) . The mechanism involves heterolytic or ionic decomposition proceeding trough the nucleophilic attack of a hydroperoxide on the lone pair of an amine nitrogen atom (Scheme 7). Homolytic decomposition through a similar nucleophilic reaction starting with the attack of a hydroperoxide on the lone pair has also been proposed (Scheme 8) 12) . Another mechanism is based on a reaction forming a complex of HALS and peroxide. Infrared spectroscopy of the interaction of HALS and a number of hydroperoxides detected no ammonium salt, but an aggregated form of HALS and a hydroperoxide, which was finally decomposed to the alcohol (Scheme 9) 13) . A similar mechanism involved HALS and hydroperoxide forming a charge transfer complex, which forms the alcohol through a cage reaction 14) . On the other hand, HALS aminyl radical may be formed by HALS reacting with hydroperoxide. The aminyl radical reacts with oxygen and then with a polymeric chain to give HALS NOOR (R＝a polymer chain), which finally forms HALS NO 15) . A hydropeoxide decomposition mechanism for HALS NOH generated by oxidation of HALS was also proposed 16) . Piperidine ring cleaving during hydroperoxide decomposition by HALS NOH and HALS NR has been reported 9) . The decomposition of cumene hydroperoxide (CHP) by HALS NH progresses through two continuous stages 17) . The initial slow decomposition stage is regarded as an induction period to generate the active decomposition species, which functions in the last fast stage. This decomposition does not progress stoichiometrically but catalytically 18) , so HALS NH can decompose about 10 moles of CHP more than the stoichiometric amount as described in detail later. Hydroperoxide decompositions by HALS has been assumed to progress either heterolytically or homolytically. However, CHP gives different decomposition products depending on the decomposition mode: heterolytic decomposition forms phenol and acetone, whereas homolytic decomposition gives acetophenone and cumyl alcohol. Therefore, CHP decomposition can be utilized to determine the decomposition mode. In this study, only acetophenone and cumyl alcohol formed in these both stages, and no phenol was detected at all. Therefore, HALS decompose CHP homolytically to form an active species, a HALS nitrosonium salt (sometimes called "bad" HALS), as explained in detail later 18) . This HALS derivative forms the piperidine ring cleaved products after the hydroperoxide decomposition 18) . This cleavage agrees well with the previously reported findings 9) . Many unclear points remain with respect to hydroperoxide decomposition by HALS, but the identification of HALS nitrosonium is important in assessing the proposed action mechanisms of HALS.
4. Other Antioxidant Functions of HALS
Some other functions of HALS include deactivation of heavy metals 19) and quenching action of a photoexcited carbonyl and singlet oxygen which degrade polymeric materials 9) . In addition, HALS can act as an antioxidant of Polypropylene (PP) by scavenging aldehyde derived from ionic decomposition of PP hydroperoxides to control further oxidation to the peracid 20) .
Interaction of HALS with Other Additives

1. Interaction with Acidic Compounds
HALS are basic compounds showing antagonism to acidic compounds, such as the antagonism of HALS with sulfur-containing hydroperoxide decomposers. The sulfur-type additive added to stabilize polymeric materials against thermal degradation is believed to decompose hydroperoxides faster than HALS, so the HALS active species, such as the oxidized derivatives, are not formed 21) . On the other hand, the antagonism may be caused by the salt formation of HALS with sulfinic and sulfonic acids derived from the sulfur-type additives, resulting in no formation of HALS active species. Or HALS nitrosonium may be generated and HALS are consumed uselessly (Scheme 10), although the nature of the nitrosonium was not investigated 22) . HALS NO may generate free radicals by abstracting hydrogen from sulfur-containing hydroperoxide decomposer 23) . The free radical triggers initiating autoxidation to degrade polymeric materials, but does not cause HALS deactivation. The antagonistic interactions of HALS and acids are complex and unsettled. However, the authors found that an undesirable HALS active species, HALS nitrosonium ("bad" HALS, see Scheme 11), is also formed during the hydroperoxide decomposition necessary to produce "good" HALS. Moreover, formation of such "bad" HALS nitrosonium is accelerated by the action of acidic compounds and also induces fast homolytic hydroperoxide decomposition 24) . The effect of acidic compound on hydroperoxide decomposition by HALS is as follows. Figure 1 shows the effect of acetic acid on CHP decomposition by a HALS species, namely Ac-HALS (4-acetyl-2,2,6,6-tetramethylpiperidine). Using only HALS for the decomposition, the induction period was about 120 h. Therefore, CHP was hardly decomposed within 50 h. However, the induction period decreased to about 9 h if acetic acid was added to HALS in equimolecular amount. Furthermore, the induction period further decreased to 2.5 h, if HALS NH acetate was used as the HALS derivative 24) . At the same time, some new compounds originating in HALS were observed (Fig. 2) . The "ring opening compounds" indicates compounds with the chemical structures shown in These compounds are derived from HALS nitrosonium, which breaks down easily with heat to the nitroso compound which reacts with a peroxy radical to form the nitro compound. Therefore, these two compounds clearly show the presence or formation of HALS nitrosonium during CHP deccomposition. Returning to Fig. 2 , HALS nitrosonium was generated in correspondence with fast CHP decomposition. The idea that HALS nitrosonium is an active species of hydroperoxide decomposition agrees with the fact that a separately synthesized HALS nitrosonium decomposes CHP without any induction period and very rapidly to give the same ring opening compounds (see Fig. 1 ).
The generally accepted antagonisms of HALS with acidic compounds can be summarized as interfering with the formation of "good" HALS, for instance, HALS NO, HALS NOH, and HALS NOR. However, this idea will have to be reconsidered as acid accelerates the formation of "bad" HALS, rather than generating "good" HALS species.
2. I n t e r a c t i o n o f H A L S w i t h P h e n o l i c Antioxidant 2. 1. Synergism
Ohkatsu's mechanism (Scheme 13) is the only one proposed for the synergism between HALS and a phenolic antioxidant 2),25,)26) . This mechanism is based on the observation that, in BHT-inhibited autoxidatioin, a small amount of added HALS (1/5 to 1/15 moles per mole of BHT) increased the effect of BHT by 1.5 times. In addition, UV rays also acted as a promotor. This phenomenon is not based on peroxy radical scavenging Scheme 13 Ohkatsu's Synergistic Mechanism of HALS and Phenol by HALS which have rather poor activity, but is ascribable to the regeneration of a phenolic antioxidant. The phenolic antioxidant forms a quinoid compound after scavenging peroxy radicals, which absorbs UV rays to regenerate the phenolic form. On the other hand, HALS used often with a phenolic antioxidant is oxidized to HALS NOH by reacting with hydroperoxides. Therefore, the HALS NOH will donate hydrogen to the photo-excited quinoid compound to regenerate the phenol, because the photo-excited carbonyl group can easily abstract hydrogen from the surrounding to form the corresponding alcohol 27) . In fact, such a phenol regeneration reaction depends on the first order of UV rays intensity (Scheme 13) 27) . The result is shown in Table 1 . This type of reaction also proceeds using HALS NH, but is inferior to that of HALS NOH.
Such synergism also explains the misinterpretation of HALS as excellent light stabilizers. HALS act as the proton donor or reducing agent of the quinoid compound, and prevent the oxidation initiation by lightabsorption or photo-excitation of the quinoid. This mechanism accounts for the synergism of HALS and phenolic antioxidants 1), 2) . Table 1 suggests that a less hindered phenol is better, whereas a hindered phenol is worse (see, equilibrium constant K). However, the opposite result is often obtained, if HALS and phenols are kneaded into polymeric materials. This observation will be discussed in detail in the section on the reaction of HALS nitrosonium and phenols.
2. 2. Antagonism
Phenolic antioxidants with HALS are used in many kinds of polymeric materials, but sometimes show antagonism. The antagonistic mechanism involves consumption of a phenol by the HALS NO abstracting the hydrogen 28) . On the other hand, the deactivation of both additives may occur by the coupling of HALS NO with a phenoxy radical 14) . The antagonistic mechanism widely accepted at present is a combination of these proposals as shown in Scheme 14. However, the former mechanism seems thermodynamically con- tradictory, because HALS NO is a very stable radical under atmospheric conditions wheresas a phenoxy radical is considerably unstable. Therefore, the formation of the phenoxy radical will need some high driving force, which does not seem present. The authors have traced the above-mentioned reaction of HALS NO with BHT, and identified the reaction products quantitatively 29) . Figure 3 illustrates a gas chromatogram of the reaction of HALS NO (1× 10 -2 mol/l) and BHT (2×10 -2 mol/l) for 6 h at 120℃. Various products (A-F) are shown in Scheme 15. The coupling product of phenoxy radical and HALS NO as shown in Scheme 14 was not detected. Therefore, such antagonism is unlikely. Interestingly, the same color products as formed in the reaction of BHT with NO2 gas 30) are detected. Actually, the reaction solution of HALS NO and BHT becomes yellow during the reaction, and finally orange in the accordance with the generation of compounds A and E. This result suggests the formation of a very strong oxidant, equivalent to NO2 gas, during the reaction of HALS NO and BHT: HALS nitrosonium is very likely to be one of the candidates. As is expected, the separately synthesized HALS nitrosonium has a high oxidant power, and can oxidize BHT to give the same products as shown in Scheme 15. This is positive evidence for the formation of HALS nitrosonium, in the reaction of HALS NO and BHT, clearly acting as an active species uselessly oxidizing BHT 29) . The antagonism of HALS NO and BHT can be expressed as in Scheme 16. First of all, two moles of HALS NO form HALS nitrosonium by electron trans- Scheme 16 New Antagonism between HALS NO and Phenolic Antioxidant fer 31) . This HALS nitrosonium forms HALS nitrosonium phenolate and HALS NOH by anion exchange. Then the former forms HALS NOH and quinone methide. The quinone methide gets one electron to become the radical anion, two moles of which react to form stilbene quinone. Or the quinone methide reacts with HALS NO, in parallel, to form formyl phenol and HALS NH. This mechanism can explain the experimental observations and the products shown in Scheme 15.
The interaction of HALS derivatives, in addition to HALS NO, with BHT is also studied 24) . Figure 4 shows CHP decomposition by HALS NH in the presence of BHT. The induction period of CHP decomposition shortens with the addition of BHT up to the equimolar amount of HALS. This phenomenon results from faster generation of HALS nitrosonium by BHT acting as an acid. Compared with the reaction of other HALS derivatives and BHT (Fig. 5) , HALS NH shows extreme antagonism with BHT. This fact corresponds well to the phenomenon that HALS NH is less effective for stabilizing polymeric materials than other "good" HALS.
shown in where HALS NOOc is N-octyloxylated HALS. This order indicates "bad" HALS nitrosonium generation or roughly corresponds to the degree of HALS basicities (see Table 2 ), except for HALS NCH3. This very interesting series explains the superiority of HALS with a lower basicity.
Characteristics of HALS Nitrosonium Salt 1. General Character of Organic Nitrosonium
About 40 years ago, a nitrosonium compound was synthesized by reacting chlorine or bromine with the nitroxyl radical of tetramethylpiperidine. Nitrosonium is also formed by reacting hydrochloric acid with a nitroxyl radical 32) . Furthermore, HALS nitrosonium is formed by equilibrium electron transfer between two HALS NO molecules 31) . All nitrosonium species seem to originate in the corresponding nitroxyl radicals.
The reactivities of nitrosonium compounds are well reported 33), 34) , in particular the oxidation of alcohols. Nitrosonium can oxidize primary and secondary alcohols to the aldehyde and the ketone respectively. However, oxidation of phenols is not well known. Oxidation of 2,4-di-t-butylphenol with nitrosonium compound forms the quinone dimmer, but the mechanism is not dicussed in detail 35) . Oxidation of compounds other than alcohols is also reported. For example, a nitrosonium can oxidize a ketone to α-diketone 36) . Electron transfer occurs when triethyl amine reacts with nitrosonium, resulting in the Scheme 17 Formation Mechanism of HALS Nitrosonium formation of triethylaminyl cation radical and the nitroxide 32) . Piperidine nitrosonium compound can undergo the ring-opening reaction. For example, a reaction like Hoffman decomposition takes place under the action of a base to produce a nitroso compound, if a double bond with oxygen or nitrogen is present at the 4-position of the piperidine ring 31),34), 37) . If a nitrosonium has chloride ion as the counter anion, ring cleavage also occurs under the action of sodium benzoate and silver benzoate, even if the 4-position has no double bond 33) .
2. Generation of HALS Nitrosonium from
HALS NH The formation mechanism of HALS nitrosonium is shown in Scheme 17 24) . In general, less basic HALS have less antagonism with phenols, as explained by step (1). Then, an anion exchange occurs between the salt and excess hydroperoxide to give the intermediate shown in step (3). This intermediate undergoes twoelectron oxidation by another hydroperoxide to form the HALS nitrosonium in step (4) .
The induction period of CHP decomposition by HALS should be longer, due to the hindered approach of less hydrophilic CHP, if a more hydrophilic substrate such as an acid coexists in large amounts. This phenomenon is observed if twice the amount of BHT per HALS is added (see Fig. 4 ). The addition of cumyl alcohol also retards CHP decomposition.
As shown in Fig. 5 , acid-sensitive HALS are just HALS NH. Therefore, HALS derivatives other than HALS NH should be used to exclude "bad" HALS behavior. However, HALS NH may form, in some cases, during HALS reactions, even if other HALS are used at the beginning. "Good" HALS always has the potential into a "bad" HALS nitrosonium. Figure 6 shows the CHP decomposition by HALS nitrosonium, with duplicated runs indicated separately 18) . The concentration of CHP was fixed as 10
Hydroperoxide Decomposition by HALS Nitrosonium
). HALS nitrosonium nitrite decomposed CHP very promptly and catalytically: one mole of the nitrosonium decomposed 15-25 times moles of CHP, suggesting a redox mode of decomposition. The products originating in HALS nitrosonium in this reaction are also ring opening products as mentioned before. Therefore, HALS nitrosonium is presumed to function as an active hydroperoxide-decomposing species, although the ring-opening compound like a nitroso derivative may also be active species 17) . CHP decomposition by HALS nitrosonium is very sensitive to the solvent polarity 24) . Changing the solvent from chlorobenzene to more polar benzonitrile [CHP] ＝10 mmol/l, in chlorobenzene under N 2 at 120℃. remarkably retards CHP decomposition, also by substituting chlorobenzene with acetophenone with polarity between chlorobenzene and benzonitrile. The polar HALS nitrosonium and CHP probably form aggregates in a less polar solvent, resulting in immediate CHP decomposition, explaining the low CHP decomposition in the presence of twice the moles of BHT compared to HALS NH, because some excess BHT gathers around the HALS to prevent the approach of CHP (see Fig. 4) 17) . Table 3 shows the reaction of HALS nitrosonium nitrite with phenols at room temperature 24) . The reaction modes can be classified into three groups:
4. Reaction of HALS Nitrosonium with Phenol
(1) oxidation to quinoid compound, (2) nitration, and (3) a combination of these reactions. The oxidation of phenols by HALS nitrosonium completely depends on the oxidation potentials of the phenols. 2,6-Di-t-butyl-4-methoxyphenol and 2-t-butyl-4-methoxyphenol with lower oxidation potentials are oxidized to the corresponding benzoquinones more easily, but such an oxidation reaction does not progress for a phenol with a higher oxidation potential. On the other hand, the nitration by attack of NO2 -, the counter anion of HALS nitrosonium, seems not to depend on the oxidation potential of the phenol (Scheme 18). This re- These results may suggest that the reaction depends on the stability of the phenoxy cation formed from the phenol by two-electron oxidation by HALS nitrosonium. In summary, the intermediate phenoxy cation undergoes two-electron oxidation to the pbenzoquinone for a phenol with a low oxidation potential, or becomes a quinone methide by releasing a proton for a phenol with a medium potential. The rather stable phenoxy cation is not oxidized further, but reacts with the counter anion of HALS nitrosonium. Figure 7 is a gas chromatogram obtained from the reaction of HALS NO (1×10 -2 mol/l) and 2-t-butylp-cresol (2×10 -2 mol/l) for 23 h at 120℃ 29) . Similar products to the case of BHT were formed except for a few differences. The generation of dimers originating in 2-t-butyl-p-cresol could be identified, but the quinone methide regarded as a precursor of the dimer and stilbene quinone was not confirmed. Interestingly, the product G of Fig. 7 with the structure shown in Scheme 19 was detected for 2-t-butyl-p-cresol. This is a different dimer of the phenol from that just men- The non-hindered phenol, p-cresol, did not react with HALS NO at all at 120℃ for 50 h. The reactivity of HALS NO with phenols is in the order of BHT＞2-t-butyl-p-cresol≫p-cresol which is the same as that of the reactivity of HALS nitrosonium with the phenol. Therefore, a phenol with a low oxidation potential antagonizes HALS NO, whereas a phenol with a high oxidation potential has good compatibility with HALS NO.
In practical use, a hindered phenol is often considered to be more compatible with HALS than a lesshindered phenol. If HALS and phenols are used together, both synergism and antagonism occur at the same time. For example, the synergism is higher for a less-hindered phenol, but this phenol is consumed antagonistically by coupling as shown in Scheme 19. Therefore, the actually recognized synergism or antagonism in the interaction of HALS with phenols will depend on the balance of the these synergistic and antagonistic reactions.
This review has proposed a new mechanism of antagonism of HALS with phenols. Figure 8 shows the temperature dependence of this antagonism 17) . The induction period of the CHP decomposition shortens remarkably with increased temperature, and is not observed at 130℃. Based on this result, HALS nitrosonium must be produced rapidly at a practical processing temperature (＞200℃) of polymeric materials, so will promote the deterioration of polymeric materials and cause deterioration in the service life. In general, a hydroperoxide decomposer such as phosphorus-type antioxidant is added to make hydroperoxides harmless during processing. This decomposition reaction will compete with the homolytic decomposition by HALS nitrosonium. Under practical conditions, the free radicals and hydroperoxides produced will continue to remain active after processing, if the ionic or heterolytic decomposition does not sufficiently surpass the homolytic decomposition. Therefore, processing under severe conditions requires the use of low basicity HALS or no "bad" HALS, because HALS may adversely affect the processing in the presence of a phenolic antioxidant, depending on the formulation of the additives.
Even if an acidic compound accelerates the homolytic decomposition by HALS, such decomposition will not become antagonistic if the HALS can scavenge the formed radicals efficiently. Thus, the ESR method was used to measure the amount of HALS NO, which forms as a result of HALS NH (5×10 -3 mol/l) scavenging both peroxy and alkoxy radicals at 120℃. The maximum concentration of HALS NO was evaluated as 2×10 -6 mol/l, corresponding to only 0.04% of the initial concentration of HALS NH. Therefore, HALS does not function as a radical scavenger effectively enough to counteract the homolytic hydroperoxide decomposition.
4. Interaction of HALS with UV Absorbers 4. 1. General Aspects of the Interaction
No accepted explanation including the direct participation of light had been proposed for the photostabilizing ability of HALS. This present review proposed the photo-interaction of HALS with benzoquinones originating from added phenols. The mechanism is explained well, in Scheme 13, as a synergism of HALS with phenols. However, HALS and phenols sometimes show antagonism as mentioned in the preceding section.
UVA show a synergism with HALS regardless of the type of phenols. HALS and benzotriazole type UVA do not interact directly, but apparently work synergistically, because of independent involvement in different light stabilization processes, while the antioxidant activity of HALS protects useless consumption of UVA 38) . HALS tend to be consumed slowly in the presence of benzotriazole type UVA, so the UVA continues to be effective much longer, although HALS do not affect any photolysis of UVA 39) . That is, HALS in combination with UVA is preferred because of apparent stabilization of UVA against photolysis, resulting in synergism. On the other hand, the preferable mole ratios of HALS to UVA to achieve photo-stabilization were about 75 : 25 for polypropylene and high density polyethylene, 90 : 10 for ABS resin, and 80 : 20 for crystalline polystyrene 40) . This synergistic effect is explained as HALS, being located inside, protected from the harmful UV light by the UVA near the surface of the plastics. Broadly speaking, as mentioned above, the interaction between HALS and UVA is synergistic without exception, but the mechanism has not been totally understood yet.
4. 2. Synergistic Interaction of HALS and UVA
The authors consider that the synergistic effect of HALS and UVA can be explained using the relationship between photo-antioxidant ability and hydroperoxide decomposition ability of HALS and/or UVA. UVA, exhibiting higher photo-antioxidant activity in the absence of HALS NH, can better control the homolytic CHP decomposition by HALS NH together with the UVA. High photo-antioxidant UVA, namely no or little proton-donating UVA, is unlikely to show antagonism with HALS NH.
Interestingly, an equimolar mixture of UVA and HALS NH shows similar or greater photo-antioxidant activity compared with that of a double amount of only UVA 41) . This synergism is ascribable to the regeneration of UVA, because HALS has no particular photoantioxidant functions. Thus, the interaction of HALS with UVA can be characterized by weak antagonism and strong synergism. If such an interaction is evaluated semi-quantitatively by the kinetic approach, for instance, a benzophenone UVA promotes homolytic CHP decomposition by HALS, although the promotion degree is much lower than that of BHT. HALS nitrosonium forms in the presence of benzophenone similarly to BHT, but does not oxidize the benzophenone as much as BHT 42) . In addition, even if HALS nitrosonium oxidizes benzophenone to 2-benzoyl-p-quinone, this is promptly reduced to a new UVA by HALS NOH. Table 4 summarizes the semi-quantitative evaluation of the interactions of HALS and UVA 43) . The upper line shows the synergistic effect of both additives in the photo-oxidation of styrene in the presence of UVA and HALS NOH. The numerical values are ratios based on 1.00 for benzophenone. On the other hand, the lower line shows the synergism obtained in the same photo-oxidation of styrene except for substituting UVA with UVA p-quinone derived from UVA scavenging peroxy radicals. This comparison shows how the p-quinone is reduced to a new UVA during the photooxidation. The values in both lines agree well, indicating that the essence of the synergistic action of HALS with UVA in photo-oxidation is to generate new UVA from UVA p-quinone by HALS NOH. In summary, UVA show apparent synergism due to the low antagonism and very high synergism with HALS. 3. 5. Proposal of Unified Action Mechanism of HALS Many action mechanisms of HALS have been proposed, but there is little consistency. In this paper, HALS are divided into two groups of "good" HALS and "bad" HALS, by which the authors have tried to clarify various uncertain points concerning the functions of HALS. The "good" HALS include HALS NH, HALS NR, HALS NO, HALS NOH, HALS NOR, and their desirable functions are demonstrated for polymer degradations as follows: HALS NH: scavenging oxygen-centered radicals, reducing photo-excited species, deactivating metal ions, HALS NR: scavenging oxygen-centered radicals, deactivating metal ions, HALS NO: scavenging carbon-centered radicals HALS NOH: scavenging oxygen-centered radicals, reducing photo-excited species, HALS NOR: scavenging oxygen-centered radicals, producing HALS NOH.
Previous study have tried to explain all functions of HALS using such "good" HALS, but have generally failed because the "bad" behavior of HALS cannot be explained using "good" HALS. Here, the author have suggested that "bad" HALS, namely HALS nitrosonium, exists in addition to "good" HALS, and is responsible for the bad following characteristics:
homolytically decomposing hydroperoxides, and oxidizing phenolic compounds, such as phenolic antioxidants and UVA. The actual HALS behavior must be discussed by considering the functions of both "good" and "bad" HALS. So, can "good" and "bad" HALS provide a unified explanation of the entire HALS action. There are two important points for establishing the unified action mechanism. First is the problem concerning the synergistic action of HALS and phenolic additives. The synergistic actions of these additives are not supported by reliable positive evidence. On the contrary, the authors believe that the synergistic action is based on regenerating a phenol by the action of HALS, especially HALS NOH, on a benzoquinone.
The second problem is the antagonistic interaction of HALS with phenols. The clue to resolve this problem is to regard a phenol as acid. As a result, the interaction of HALS with a phenol has been found to accelerate the formation of HALS nitrosonium, which is the cause of the "bad" HALS behavior. Thus, the antagonism of HALS and phenols can be clarified semiquantitatively.
In the past, the interaction of HALS with other additives has not been studied by the consideration of synergism and antagonism. A large number of interactions covering high synergism to high antagonism have been adopted as a convenient way to explain experimental results. In contrast, a semi-quantitative method combining the interaction of HALS and phenols as synergism and antagonism can interpret or explain almost all phenomena.
How HALS NH is changed into "good" HALS or "bad" HALS is summarized in Fig. 9 . HALS nitrosonium is acceleratedly formed by the action of an acidic compound, which results in the useless consumption of phenols and UVA as well as homolytical and catalytical decomposition of hydroperoxides. These HALS actions are most undesirable for the stabilization of polymeric materials. Thus, measures to control the formation of and decompose HALS nitrosonium will be the main key to the use of HALS.
Finally, Fig. 10 summarizes the new action mechanism of HALS together with previously accepted mechanisms. Polymeric materials friendly to the global environment can be developed by effectively stabilizing with additives, resulting in better functions and longer service lives. For this purpose, additives must be investigated without preconceived ideas, which prevents us knowing their real functions. This is an effective way to improve the defects of additives and to make use of the advantages. 
